Nonalcoholic fatty liver disease (NAFLD) plays a crucial role in type 2 diabetes and hepatocellular carcinoma. The major underlying pathogenesis is hepatic insulin resistance. The aim of the present study was to characterize patients with NAFLD with paradoxically normal hepatic insulin sensitivity relative to patients with NAFLD with hepatic insulin resistance. We recruited 26 patients with NAFLD and divided them into three groups ranked by the level of hepatic insulin sensitivity (HIS; high-HIS, mid-HIS, low-HIS), as assessed by the hyperinsulinemic-euglycemic clamp studies using stable isotope. Hepatic insulin sensitivity of the high-HIS group was identical to that of the non-NAFLD lean control (clamped percent suppression of endogenous glucose production, 91.1% 6 5.2% versus 91.0% 6 8.5%, respectively) and was significantly higher than that of the low-HIS group (66.6% 6 7.5%; P < 0.01). Adiposity (subcutaneous, visceral, intrahepatic, and muscular lipid content), hepatic histopathology, and expression levels of various genes by using liver biopsies, muscle, and adipose tissue insulin sensitivity, plasma metabolites by metabolomics analysis, putative biomarkers, and lifestyles were assessed and compared between the high-HIS and low-HIS groups. Among these, adipose tissue insulin sensitivity assessed by clamped percent suppression of free fatty acid, serum high molecular weight adiponectin, and plasma tricarboxylic acid cycle metabolites, such as citric acid and cis-aconitic acid, were significantly higher in the high-HIS group compared to the low-HIS group. In contrast, there were no differences in adiposity, including intrahepatic lipid content assessed by proton magnetic resonance spectroscopy (28.3% 6 16.1% versus 20.4% 6 9.9%, respectively), hepatic histopathology, other putative biomarkers, and lifestyles. Conclusion: High levels of adipose tissue insulin sensitivity, serum high molecular weight adiponectin, and plasma tricarboxylic acid cycle metabolites are unique characteristics that define patients with hepatic insulin-sensitive NAFLD regardless of intrahepatic lipid content. (Hepatology Communications 2017;1:634-647) 
Introduction W ith the current high rate of obesity among the general population, we are confronted with an epidemic of nonalcoholic fatty liver disease (NAFLD) that has an estimated incidence of 25% worldwide. (1) NAFLD is also associated with type 2 diabetes mellitus (T2DM) and hepatocellular carcinoma (HCC), which are serious problems for both individuals and societies. The major underlying pathophysiological mechanism linking NAFLD to T2DM or HCC is hepatic insulin resistance. (2, 3) NAFLD-associated hepatic insulin resistance has been investigated extensively in rodent models of NAFLD and in patients with NAFLD. (3, 4) To date, several potential molecular mechanisms have been recognized, together with the identification of several potential therapeutic targets for NAFLD-associated hepatic insulin resistance, such as activation of diacylglycerol-mediated protein kinase C epsilon, (5, 6) endoplasmic reticulum stress, (7) inflammation, (8) and oxidative stress. (9) However, in clinical practice, NAFLD-associated hepatic insulin resistance remains unresolved in humans. Interestingly, recent studies have reported the existence of hepatic steatosis dissociated from insulin resistance in humans, (10) (11) (12) but its clinical or cellular features remain poorly understood. It is important, therefore, to determine the clinical characteristics that can help distinguish hepatic insulin-sensitive NAFLD from hepatic insulin-resistant NAFLD.
We recently encountered a cohort of patients with NAFLD and with normal hepatic insulin sensitivity. The goal of the present study was to define the characteristics of these individuals compared to patients with NAFLD with hepatic insulin resistance through a comprehensive analysis of various histopathologic and biochemical parameters. We recruited 26 Japanese patients with NAFLD (mean body mass index, 30 kg/m 2 ) and assessed various background parameters, including adiposity and lipid distribution, tissue-specific insulin sensitivity (liver, muscle, and adipose tissue) assessed by hyperinsulinemic-euglycemic clamp studies using stable isotope, hepatic histopathology and gene expression using liver biopsies, plasma metabolomics and putative biomarkers, and lifestyle patterns. The unique characteristics may allow the identification of diagnostic markers and/or therapeutic targets to preserve hepatic insulin sensitivity and prevent the development of T2DM and HCC in patients with NAFLD.
Patients and Methods

STUDY DESIGN AND POPULATION
The study subjects were recruited between November 2014 and September 2015 at Toho University Hospital, Japan. For the patients with NAFLD, we set the following criteria for inclusion in the study:
1) clinical suspicion of NAFLD based on ultrasonography and a serum alanine aminotransferase level of >30 IU/L; 2) age between 20 and 70 years; and 3) hemoglobin A1c <9%. We also used the following exclusion criteria: 1) liver disease other than NAFLD (e.g., hepatitis B or C, autoimmune hepatitis, druginduced hepatitis, and alcoholic hepatitis); 2) any acute or chronic disease other than NAFLD, T2DM, hypertension, or dyslipidemia; 3) type 1 or secondary diabetes mellitus. Based on these criteria, 26 patients with NAFLD were analyzed in the present study. NAFLD was defined as an intrahepatic lipid content of >5% as determined by proton magnetic resonance spectroscopy ( 1 H-MRS). We also recruited 5 non-NAFLD subjects for the control. Of the 26 patients with NAFLD, 16 had T2DM, 8 of whom were being treated with glucose-lowering agents. After providing a signed consent form, each patient was advised to switch all glucose-lowering medications to aglucosidase inhibitors and/or rapid-acting insulin secretagogues to avoid the effects of such medications on hepatic steatosis and insulin sensitivity. Thus, 1 patient was switched to a-glucosidase inhibitors while the remaining 7 were switched to a combination of aglucosidase inhibitors and rapid-acting insulin secretagogues. Patients continued dietary and exercise therapy and other medications, and a comprehensive set of clinical and laboratory measures were obtained at 3 months after the consent. All measurements were performed after an overnight fast.
This study was approved by the medical ethics committee of Toho and Juntendo universities and was conducted according to the Declaration of Helsinki and current legal regulations in Japan. Written informed consent was obtained from all patients. This study was registered on the University Hospital Medical Information Network Clinical Trials Registry (UMIN000017735), a nonprofit organization in Japan that meets the requirements of the International Committee of Medical Journal Editors.
HYPERINSULINEMIC-EUGLYCEMIC CLAMP STUDIES
Hyperinsulinemic-euglycemic clamp studies were performed using an artificial endocrine pancreas (STG55; Nikkiso, Tokyo, Japan) as described. (13, 14) An intravenous catheter was placed in the forearm for tracer infusion; another catheter was placed in the contralateral hand vein for blood withdrawal. (20) Blood samples were obtained at -180, -30, -15, 0, 15, 30, 60, 120, 160, 170, and 180 minutes. The atom percent enrichment of glucose m12 in plasma was measured by high-performance liquid chromatography with an LTQ Orbitrap XL mass spectrometer (Thermo Scientific, Fremont, CA). Glucose m12 enrichment was determined from the m/z ratio 332.2:330.2. Basal and clamped endogenous glucose production and the clamped glucose disposal rate were calculated using a steady-state equation as described. (21) Clamped percent suppression of serum free fatty acid by insulin, which represents insulin sensitivity of adipose tissue, was calculated as (serum free fatty acid concentration at baseline -mean free fatty acid concentration at time 160-180 minutes)/free fatty acid concentration at baseline.
H-MRS
Intrahepatic lipid and intramyocellular lipid content were measured by 1 H-MRS after an overnight fast as described. (22) Details are provided in the Supporting Methods.
LABORATORY TESTS
Measurements were performed at the central laboratory of the hospital or were outsourced to a private laboratory (SRL Laboratory, Tokyo, Japan). Details of the methods used for the measurements are provided in the Supporting Methods.
MEASUREMENT OF PLASMA METABOLITES
Metabolome analysis was conducted with the Dual Scan package of Human Metabolome Technologies Inc. (Tsuruoka, Japan) using capillary electrophoresis time-of-flight mass spectrometry and liquid chromatography time-of-flight mass spectrometry, based on the methods described. (23, 24) Details of the methods are provided in the Supporting Methods.
METABOLITE SET ENRICHMENT ANALYSIS
To identify significant metabolic pathways, metabolite set enrichment analysis (MSEA) was performed as described. (25) First, Welch's t test was applied to the entire 356 detected metabolites between hepatic insulin-sensitive and insulin-resistant patients. Significantly different metabolites (P < 0.05) were selected for MSEA. For technical reasons, MSEA could not be applied to fatty acids and acylcarnitine. In order to control the false discovery rate associated with multiple testing, the Benjamin and Hochberg method was applied to adjust the q value.
ASSESSMENT OF BODY COMPOSITION
Whole body fat and muscle mass were measured by dual-energy x-ray absorptiometry. The whole body skeletal muscle mass index was calculated by whole body skeletal muscle mass (kg) / body height (m) 2 . The amounts of subcutaneous and visceral fat were computed by measuring the area at the umbilical level on abdominal computed tomography and Synapse Vincent software (ver 4.3.0001; Fujifilm Medical, Japan).
LIFESTYLE ASSESSMENT
Validated questionnaires were used to assess wellbeing (Well-Being Questionnaire 12 and Beck Depression Inventory II), sleep quantity and quality (Morning-Evening Questionnaire and Pittsburgh Sleep Quality Index), and food intake (Brief SelfAdministered Diet-History Questionnaire). Physical activity and caloric consumption were assessed by the Lifecorder GS (Suzuken Co., Aichi, Japan). (26) Total daily energy expenditure and physical activity were corrected by body weight. Patients were asked to keep their physical activity and food intake during the study at levels similar to their daily routines.
LIVER BIOPSY
An ultrasound-guided liver needle biopsy was obtained from patients with suspected nonalcoholic steatohepatitis (NASH). Liver needle biopsies were performed at unit V based on the Couinaud classification, avoiding vessels under sonography with a 16-gauge liver biopsy needle (Core IITM semiautomatic biopsy instrument; InterV Clinical Products, Dartmouth, MA). One punch (10 mg) was flash frozen in liquid nitrogen for gene expression analysis, and another punch was used for routine histopathologic examination. A liver biopsy was not obtained from non-NAFLD subjects.
HISTOPATHOLOGIC ASSESSMENT
The liver biopsy specimen was fixed in 10% formalin, embedded in paraffin, sectioned, and stained with hematoxylin and eosin along with azan for evaluation of the NAFLD activity score and fibrosis, respectively. Liver biopsy specimens were evaluated by an experienced pathologist blinded to the identity of subjects and clinical information. The NAFLD activity score and fibrosis were evaluated using standard histologic criteria. (27) Details of the scoring are described in the Supporting Methods.
REAL-TIME POLYMERASE CHAIN REACTION
Total RNA was extracted from 10 mg of flashfrozen liver biopsy using the RNeasy mini kit (Qiagen, Tokyo). RNA was reverse-transcribed into complementary DNA using the QuantiTect Reverse Transcription kit (Qiagen, Hilden, Germany). The abundance of transcripts was assessed by real-time polymerase chain reaction (RT-PCR) on an Applied Biosystems 7500 Fast Real-Time PCR System (Thermo Fisher Diagnostics, Tokyo, Japan) with a Fast SYBR Green Master Mix (Thermo Fisher Diagnostics). The expression level of each gene of interest was normalized for the efficiency of amplification with b-actin messenger RNA (mRNA) as the invariant control as determined by a standard curve. (28) 
MICROARRAY AND GENE ONTOLOGY ANALYSES
Microarray analysis was performed using the obtained RNA from liver biopsies. Briefly, robust multichip array normalization was performed using the Affymetrix Expression console. Statistical analyses were performed using R software (http://www.R-project.org). Differences between the two groups were computed using the significance analysis of microarrays t test; genes with more than 1.5-fold differences in expression between the groups on average (P < 0.05) were selected as differently expressed genes. A complete set of microarray data was deposited at the Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/ geo/) repository under accession number GSE92746. A heat map with hierarchical clustering was drawn with differentially expressed genes between the groups. A distance matrix among the specimens in the heat map was calculated using Spearman rank correlation. Hierarchical clustering analyses were performed using MeV_4_8_1 software (J. Craig Venter Institute, La Jolla, CA). (29, 30) Heatmap gene expression values were normalized by the Z-scaling method using the gene filter library with R. Gene ontology analysis was performed on LSKB software (World Fusion Inc., Tokyo, Japan). (29) LSKB uses Fisher's exact test to estimate multiplicity between gene ontology functional classes of gene sets (http://www.geneontology.org/) and genes that are differentially expressed on microarray analysis.
STATISTICAL ANALYSIS
All normally distributed variables were expressed as mean 6 SD, while variables with skewed distribution were expressed as median (quartile 1, quartile 3), unless otherwise indicated. Comparisons between groups were assessed by Welch's t test for normally distributed continuous variables, Wilcoxon rank sum test for variables with skewed distribution or scored variables, and Pearson's chi-squared test or Fisher's exact test for categorical variables. Simple linear regression analysis was performed to assess the association between two variables. P < 0.05 was considered significant. All analyses were performed using SAS 9.3 (SAS Institute Inc., Cary, NC).
Results
CLINICAL CHARACTERISTICS OF STUDY SUBJECTS
The study subjects were 26 patients with NAFLD and intrahepatic lipid contents of >5% and 5 non-NAFLD lean control subjects (Table 1 ). All patients were middle-aged obese men and women, with an intrahepatic lipid content of 20.7% 6 13.3% and serum alanine aminotransferase twice the upper normal range (59.3 6 27.5 IU/L). Three of the patients had NASH, while the others had simple steatosis as assessed by histopathology. The patients also had moderate hyperglycemia and hyperinsulinemia and were whole-body insulin resistant based on the homeostatic model assessment of insulin resistance index with a large variation. Around half of the patients with NAFLD had T2DM, and half of the patients with T2DM were being treated with oral glucose-lowering agents. Clinical characteristics of the study subjects are also shown separately for patients without T2DM and with T2DM in Supporting Table S1 .
PATIENTS WITH HEPATIC INSULIN-SENSITIVE NAFLD ARE IDENTICAL TO NON-NAFLD SUBJECTS
We plotted hepatic insulin sensitivity with intrahepatic lipid content (Fig. 1) . We divided the 26 patients with NAFLD into three groups ranked by the level of hepatic insulin sensitivity (high-HIS group: 100%-85.2%, n 5 9; mid-HIS group: 80.3%-83.9%, n 5 8; low-HIS group: 55.7%-78.5%, n 5 9). The hepatic insulin-sensitivity values of the high-HIS group (Fig.  1 , blue triangles) were identical to those of the non-NAFLD subjects (black dots, n 5 5). The respective hepatic insulin-sensitivity values for the two groups, assessed by clamped percent suppression of endogenous glucose production, were 91.1% 6 5.2% and 91.0% 6 8.5%. In contrast, the hepatic insulin sensitivity of the low-HIS group (66.6% 6 7.5%; Fig. 1 , red triangles) was significantly lower than that of the high-HIS group. To define the characteristics that can distinguish patients with hepatic insulin-sensitive NAFLD from those with hepatic insulin-resistant NAFLD, we performed a comprehensive background analysis of patients in the high-HIS and low-HIS groups.
DIFFERENCES IN BACKGROUND BETWEEN HIGH-HIS AND LOW-HIS GROUPS
We found no differences in age, sex, body mass index, and prevalence of NASH and T2DM between the high-HIS and low-HIS groups ( Table 2 ). The fasting plasma insulin concentration and homeostatic model assessment of insulin resistance index were significantly lower in the high-HIS compared to the low-HIS group, while there was no difference in fasting plasma glucose (Table 2 ). These data indicate that patients with high-HIS were whole-body insulin sensitive. Hyperinsulinemic-euglycemic clamp studies showed adipose tissue insulin sensitivity, assessed by the clamped percent suppression of free fatty acid, was significantly higher in the high-HIS group (91.4% 6 3.0%) compared to the low-HIS group (80.0% 6 10.9%; Table 2 ). Adipose tissue insulin sensitivity was also assessed by fasting plasma free fatty acid 3 fasting plasma insulin, (31) (32) (33) but there was no difference in this index between the groups (Table 2) . Among the putative biomarkers, only serum high molecular weight (HMW) adiponectin was significantly higher in the high-HIS compared to the low-HIS group (3.4 6 1.8 lg/mL versus 1.7 6 0.9 lg/mL, respectively; Table 2 ). We also assessed 356 plasma metabolites by metabolomics analysis and found only 11 metabolites were significantly different between the two groups (Table 2) . Interestingly, three of the 11 metabolites were metabolites of the mitochondrial tricarboxylic acid (TCA) cycle (citric acid, cis-aconitic acid, and succinic acid). Their concentrations were higher in the high-HIS compared to the low-HIS group (Table 2) . Pathway analysis using MSEA indicated that the TCA cycle pathway was the only significantly different pathway between the two groups ( Table 3) . We also performed simple linear regression analysis using data of the 26 patients with NAFLD to assess the contribution of the above significant factors to hepatic insulin sensitivity and found that adipose tissue insulin sensitivity, HMW adiponectin, citric acid, and cis-aconitic acid were associated with hepatic insulin sensitivity (adjusted R 2 5 0.22, P < 0.05; R 2 5 0.14, P < 0.05; R 2 5 0.38, P < 0.001; and R 2 5 0.17, P < 0.05, respectively). In contrast, other putative blood and urine biomarkers; body composition and lipid distribution, including intrahepatic lipid content (high-HIS group versus low-HIS group, 28.3% 6 16.1% versus 20.4% 6 9.9%); and lifestyles were comparable between the two groups (Table 4) .
FIG. 1.
Large variation in percent suppression of endogenous glucose production and intrahepatic lipid content. Patients with NAFLD with an intrahepatic lipid content >5% (n 5 26) were divided into three groups ranked by the clamped percent suppression of endogenous glucose production. Upper one third, blue triangles indicate high-HIS; middle one third, green diamonds indicate mid-HIS; lower one third, red triangles indicate low-HIS. Hepatic insulin sensitivity in the upper one third (blue triangles) was identical to that of non-NAFLD subjects (black dots). Histopathologic conditions are also known to be associated with insulin sensitivity, (34, 35) but total NAFLD activity score did not differ between the high-HIS and low-HIS groups ( Fig. 2A) . Steatosis and hepatocellular ballooning scores, which are subscores of the NAFLD activity score, were also comparable between the two groups (Fig. 2B,C) . The lobular inflammation score, which is another subscore of the NAFLD activity score, trended to be lower in the high-HIS compared to the low-HIS group (P 5 0.06; Fig. 2D ). Fibrosis stage was comparable between the two groups (Fig. 2E) .
We also assessed hepatic mRNA expression levels using liver biopsies by quantitative RT-PCR and by microarray analysis. mRNA expression levels of two genes involved in hepatic gluconeogenesis, a major factor that promotes hepatic glucose production in T2DM, (36) were significantly lower in the high-HIS compared to the low-HIS group (pyruvate carboxylase [PC], -27.1%; fructose-1,6-bisphosphatase, -27.0%; each P < 0.05) (Fig. 3A) . Because fasting plasma insulin concentration was significantly lower in the high-HIS group, these results suggest that mRNA expression of hepatic gluconeogenic genes was more effectively down-regulated by lower fasting plasma insulin in patients with high-HIS than in those with low-HIS. This is consistent with the higher clamped percent suppression of endogenous glucose production in high-HIS compared to low-HIS groups. Consistent with no difference in intrahepatic lipid content between the two groups, hepatic mRNA expression levels of lipogenesis and lipid oxidation were comparable between the two groups (Fig. 3B) . Finally, microarray analysis indicated that the mRNA expression levels of 43 genes were significantly different (log2 ratio >0.585) between the two groups (Supporting Table  S1 ; Supporting Fig. S1 ). Gene ontology analysis with these 43 genes indicated that genes involved in the steroid metabolic process were up-regulated while genes involved in the oxidation-reduction process and inflammatory response were down-regulated in the high-HIS group compared to those in the low-HIS group (Supporting Table S2 ).
Discussion
This is the first study that comprehensively explored the characteristics of patients with NAFLD with hepatic insulin sensitivity in moderately obese Asian individuals. In the present study, our patients with NAFLD exhibited a wide range of hepatic insulin sensitivity and hepatic lipid content, but these parameters did not correlate with each other. Thus, we were able to identify a subgroup of patients with NAFLD with hepatic insulin sensitivity and define the specific characteristics that distinguish such patients from patients with NAFLD with hepatic insulin resistance. Finally, we demonstrated that high levels of adipose tissue insulin sensitivity, serum HMW adiponectin, and plasma TCA cycle metabolites are unique characteristics of patients with hepatic insulin-sensitive NAFLD. Importantly, hepatic insulin-sensitive NAFLD was the focus in this study, but this study is not just a mirror study of hepatic insulin-resistant NAFLD. Most studies have demonstrated the impact of intrahepatic lipid content on NAFLD-associated hepatic insulin resistance, (3, 4) but our study had a cohort of patients with NAFLD with hepatic insulin sensitivity who were hepatic insulin sensitive regardless of the intrahepatic lipid content. Consistent with our findings, Bril et al. (37) reported that hepatic insulin sensitivity decreased with only a small lipid accumulation in the liver (1.5%) but then the mean value of hepatic insulin sensitivity remained constant regardless of the amount of intrahepatic lipid content; no association was observed between intrahepatic lipid content and hepatic insulin sensitivity in 352 Caucasians, including T2DM and/or NASH patients, using 1 H-MRS and hyperinsulinemic-euglycemic clamp studies. In this context, we further explored the factors that associate with hepatic insulin sensitivity despite having intrahepatic lipid accumulation. Accordingly, our study may provide a new therapeutic approach for hepatic insulin resistance in patients with NAFLD without any reduction in intrahepatic lipid content. We identified some characteristics linked to hepatic insulin sensitivity in NAFLD. First, adipose tissue insulin sensitivity was associated with hepatic insulin sensitivity. Although the causality is unclear in this cross-sectional observational study, previous reports suggested a contribution of adipose tissue insulin sensitivity to hepatic insulin sensitivity. (38, 39) Insufficient suppression of lipolysis by insulin in adipose tissue, i.e., adipose tissue insulin resistance, leads to increased fatty acids and glycerol delivery to the liver. Increased fatty acid delivery to the liver increases hepatic acetylcoenzyme A content, leading to activation of PC, which in turn increases hepatic gluconeogenesis. (38, 39) In this study, patients in the high-HIS group showed downregulation of PC mRNA accompanied by adipose tissue insulin sensitivity. In contrast to adipose tissue insulin sensitivity, muscle insulin sensitivity did not differ between patients of the high-HIS and low-HIS groups (Table 2) . Because muscle insulin resistance is known to be associated with intrahepatic lipid content, (14, 40) the lack of difference in muscle insulin sensitivity may reflect the lack of difference in intrahepatic lipid content between the high-HIS and low-HIS patients.
Second, hyper-HMW adiponectinemia was observed in patients in the high-HIS group compared to the low-HIS group, and this might be another mechanism linking adipose tissue insulin sensitivity to hepatic insulin sensitivity. A high level of adipose tissue insulin sensitivity is associated with both suppressed fatty acid release and increased HMW adiponectin secretion from adipose tissue, which could cooperatively lead to higher hepatic insulin sensitivity. (41) (42) (43) In contrast to the positive association between HMW adiponectin and hepatic insulin sensitivity, the intrahepatic lipid content did not differ between the high-HIS and low-HIS groups. Although adiponectin is known to reduce hepatic steatosis (44) by suppression of lipogenesis (45) and stimulation of lipid oxidation, (46) hepatic mRNA expression levels of lipogenesis or lipid oxidation were comparable between the two groups (Fig. 3B) . This may explain, at least in part, the lack of difference in intrahepatic lipid content between the two groups. It is likely that other unknown factors could operate in favor of hepatic steatosis against HMW adiponectin in patients with hepatic insulin-sensitive NAFLD.
Third, the levels of mitochondrial TCA cycle metabolites in plasma were significantly higher in patients in the high-HIS compared to the low-HIS group. Adiponectin reportedly stimulates hepatic mitochondrial biogenesis in mice, (43) and interestingly, there is a hepatic mitochondrial functional adaptation in patients with NAFLD but the adaptation was lost in patients with hepatic insulin-resistant NASH. (47) Taken together, hyper-HMW adiponectinemia could contribute to increased hepatic mitochondrial function through mitochondrial biogenesis, which results in increased hepatic insulin sensitivity. In this study, the higher concentration of plasma TCA cycle metabolites in the high-HIS group may reflect higher hepatic mitochondrial function stimulated by hyper-HMW adiponectinemia. In this regard, inhibition of the citrate transporter, which regulates the plasma citrate flux into the liver, (48, 49) was also reported to increase plasma citrate, (48) increase hepatic mitochondrial biogenesis, (48) and prevent diet-induced hepatic steatosis and hepatic insulin resistance. (48, 50) Thus, it would be another potential therapeutic option to increase plasma TCA cycle metabolites, specifically citric acid, in patients with NAFLD. Abbreviations: CPT1, carnitine palmitoyltransferase I; DGAT2, diacylglycerol O-acyltransferase 2; FBP1, fructose-1,6-bisphosphatase; G6Pase, glucose-6-phosphatase; PEPCK, phosphoenolpyruvate carboxykinase; PPARa, peroxisome proliferatoractivated receptor a; SREBP1, sterol regulatory element binding transcription factor 1.
Comprehensive gene expression analysis was performed using liver biopsies to explore genes associated with hepatic insulin-sensitive NAFLD. Significantly higher (almost double) levels of hepatic cytochrome P450, family 2, subfamily C, polypeptide 19 (CYP2C19) were found in patients in the high-HIS group compared to the low-HIS group (Supporting Table S1 ). The enzymatic activity and expression level of CYP2C19 protein were reported to decrease with progression of NAFLD, (51) and the expression level of its gene is reportedly influenced by the glycemic state. (52) Further studies are needed to determine the therapeutic potential of CYP2C19 in NAFLDassociated hepatic insulin resistance. Gene ontology analysis showed down-regulation of mRNA expression of genes involved in the oxidation-reduction process and inflammatory response in the high-HIS group (Supporting Table S2 ), which may associate with the lower lobular inflammation score as assessed by liver histopathologic examination (P 5 0.06; Fig. 2D ).
While our study clearly demonstrated the characteristics of patients with hepatic insulin-sensitive NAFLD, the study had certain limitations that need to be discussed. First, we could not assess the accumulated lipid species in the liver due to the limited size of the liver needle biopsy. Comprehensive assessment in morbidly obese Caucasians with NAFLD who underwent bariatric surgery demonstrated a strong association between hepatic diacylglycerol content/protein kinase C epsilon activation and hepatic insulin resistance. (5, 53) Thus, reduction of the hepatic diacylglycerol content would be another potential therapeutic option for NAFLD-associated hepatic insulin resistance in humans, although this hypothesis remains to be tested in moderately obese patients with NAFLD. Second, this study included some patients with T2DM and NASH. Although the prevalence of T2DM and NASH was not different between high-HIS and low-HIS groups and the distribution of hepatic insulin sensitivity and intrahepatic lipid content did not change significantly when T2DM and NASH patients were excluded (Supporting Fig. S2 ), it is difficult to determine whether diabetes rather than innate differences between patients with NAFLD with high-and low-HIS was responsible for the observed differences between high-HIS and low-HIS groups. We originally planned to include both NAFLD with diabetes and NAFLD without diabetes in the present study, but there are already numerous published studies that have compared non-NAFLD and NAFLD, (33, 47, (54) (55) (56) (57) simple steatosis and steatohepatitis, (47, 54, 56) and nondiabetes and diabetes. (14, 57) Thus, importantly, even in the cohort of individuals with T2DM and NASH, the above characteristics became significant factors that distinguished hepatic insulin-sensitive NAFLD from insulin-resistant NAFLD. Additionally, we separately analyzed NAFLD with diabetes and NAFLD without diabetes and have placed these data in the supporting files (Supporting Figs. S3-S6 ; Supporting Tables S4-S7 ), but because it is a secondary subanalysis with only a few participants after the separation of diabetes and no diabetes, we cannot interpret or draw a conclusion from the findings. Third, our study included a small number of Japanese patients, and consequently the two groups of high-HIS and low-HIS were not well matched for sex. Thus, our findings need to be tested in a large number of patients of different ethnicities. Fourth, due to the cross-sectional study design, this study is unable to provide any mechanisms for why some people with NAFLD have high-HIS. There is no evaluation of potential genetic mutations (e.g., familial hypobetalipoproteinemia) that cause NAFLD but are not associated with insulin resistance. Finally, the mean insulin concentration during the clamp tended to be higher in the high-HIS than in the low-HIS group, suggesting it was much lower in some low-HIS subjects compared to high-HIS subjects given the high values of SD. It is possible that this has contributed to the differences in the percent suppression of glucose production between the groups. To check this possibility, we reanalyzed Fig. 1 by expressing percent suppression of glucose production divided by clamped plasma insulin concentration to potentially correct for differences in insulin concentration. Interestingly, we found that the difference between low-HIS and high-HIS was small and there was a negative correlation tendency between intrahepatic lipid content and percent suppression of endogenous glucose production divided by clamped plasma insulin (Supporting Fig. S7 ). Because the insulin infusion rate was the same between groups, the insulin clearance rate or some other factor might be causing the difference in the clamped plasma insulin concentration between the groups. Further investigation is needed for understanding these observations.
In conclusion, this is the first study that explored the characteristics of patients with hepatic insulin-sensitive NAFLD. Hepatic insulin sensitivity in these patients was identical to that of non-NAFLD subjects. Our data demonstrated that patients with hepatic insulinsensitive NAFLD were characterized by high levels of adipose tissue insulin sensitivity, serum HMW adiponectin, and plasma TCA cycle metabolites. These factors might cooperatively play a crucial role in the pathogenesis of hepatic insulin sensitivity despite the presence of NAFLD. In this study, we focused on hepatic insulin action because hepatic insulin resistance plays a central role in the pathogenesis of T2DM and HCC. (2, 3) Future longitudinal or interventional studies should elucidate whether preserving hepatic insulin sensitivity through the above characteristics can prevent the development of T2DM or HCC in patients with NAFLD.
